Introduction {#sec1}
============

Ethylene, one of the most important organic feedstock, has a great influence on global economic development. Compared with the traditional production of ethylene from petroleum hydrocarbons, it is much more economical and environmentally friendly to utilize bioethanol as a chemical resource. Several different kinds of catalysts have been developed to improve the ethylene yield from bioethanol dehydration and to reduce energy consumption for industrial applications. The most valuable catalysts are activated alumina and zeolites.^[@ref1]−[@ref5]^ The activated alumina exerts comparatively high activity and selectivity, but water existing in the reaction system usually leads to a significant reduction of the conversion of ethanol and deactivation of activated alumina; meanwhile, the reaction temperature is relatively high, which hinders its large-scale application in bioethanol conversion.^[@ref6]−[@ref8]^ Thus, researchers have devoted great concern to a more promising and commercially valuable class of catalysts, the zeolites, which have high hydrothermal stability and can catalyze reactions at lower temperatures.

ZSM-5 and MCM-41 zeolites are the frequently used catalysts for ethanol dehydration with high selectivity of ethylene at 240--300 °C.^[@ref9]−[@ref11]^ However, Takahara et al. further found that H-mordenite (H-MOR) has both the highest activity for dehydration of ethanol and selectivity for ethylene at 180 °C.^[@ref12]^ Likewise, Busca et al. found that H-MOR has the highest catalytic activity and selectivity for ethylene at low ethanol conversion and temperature among the H-FER, H-MFI, H-MOR, H-Y, and H-HSY zeolites.^[@ref3]^ Bhan et al. also reported that H-MOR can catalyze ethylene formation from ethanol at 95--133 °C rather than H-FER and H-MFI.^[@ref13]^ The unique catalytic activity and selectivity of H-MOR at low temperature can be speculated to have relation with its two sets of channel structures, in which the pore-confinement effect and the Brønsted acid strength may have some influence on the reactivity of ethanol dehydration.

Understanding the reaction mechanisms and kinetics of ethanol dehydration to ethylene would be of great value in extending the development and application of biomass. The dehydration of a single ethanol molecule occurs through eliminating both the hydroxyl group and one H atom of the methyl group simultaneously. When there is no catalyst, this process is achieved by a four-centered transition state (TS) structure with an energy barrier of 72.0 kcal mol^--1^.^[@ref14]^ When the ethanol molecule is protonated by an H^+^, the barrier is significantly decreased to 20.7 kcal mol^--1^.^[@ref15]^ Moreover, when there are two ethanol molecules involved in the reaction, one ethanol acts as a proton transporter and simultaneously catalyzes the dehydration of another ethanol, which would lower the activation energy barrier to 55.4 kcal mol^--1^.

While in zeolites, the reaction mechanism of ethanol dehydration is more complicated. Brønsted acid sites in the Al-substituted zeolites provide the source of acidic protons to catalyze the dehydration of ethanol. It has been proposed that at first the ethanol molecule is adsorbed onto the Brønsted acid sites of the zeolite framework and then undergoes the dehydration process to generate ethylene, accompanied by the recovery of the Brønsted acid proton.^[@ref5]^ It is generally believed that there are two mechanisms for the monomolecular dehydration of ethanol into ethylene, the carbocation mechanism, and the ethoxy intermediate (stepwise) mechanism ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a). However, the corbocation mechanism is in dispute as the formation of the carbocation intermediate needs much higher energy to achieve the hydrogen transfer. Based on the carbocation mechanism, Nimlos et al. proposed the concerted reaction mechanism, in which the proton of Brønsted acid migrates to the O atom of ethanol and leads to the elimination of water; meanwhile, one H atom of ethanol is away from the β-C atom bonding with a neighboring electronegative skeleton O atom of the zeolite.^[@ref16]^ As illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b, the structure of TS contains an eight-membered ring, which would have much smaller strain energy than the four-centered TS and would lead to a significant decrease of the reaction activation energy barrier. Kondo and Haw studied the dehydration of ethanol on several zeolites with different pore sizes by IR spectroscopy and the NMR method and reported that the ethoxy species has high stability and can then decompose into ethylene.^[@ref17]−[@ref19]^ Moreover, the energy barrier for the decomposition of ethoxy species becomes larger in smaller-pored zeolites.

![Proposed Stepwise Mechanism (a) and Concerted Mechanism (b) for Monomolecular Dehydration of Ethanol](ao9b03984_0005){#sch1}

To further understand the reaction mechanism of monomolecular ethanol dehydration to ethylene in the H-MOR zeolite, density functional theory (DFT) calculations were performed in this work. The concerted mechanism and the stepwise mechanism proceeding in the 12-membered-ring (12-MR) and the 8-membered-ring (8-MR) of the H-MOR zeolite are considered.

Computation Methods {#sec2}
===================

As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the MOR zeolite contains two sets of channels, a 12-MR channel of 6.4 Å × 7.0 Å and an 8-MR channel of 2.6 Å × 5.7 Å. Sauer et al. have demonstrated that T4 inside the 12-MR and T3 inside the 8-MR are the preferred Al substitutional positions for the H-MOR zeolite,^[@ref20],[@ref21]^ hence they are also adopted as the active sites in this work. The ONIOM approach giving consideration to both computational cost and accuracy would be appropriate to simulate the structures of the H-MOR zeolite.^[@ref22],[@ref23]^ Thus, the two-layer ONIOM models of a 110T cluster containing an entire 12-MR and a 60T cluster containing an entire 8-MR were employed to simulate the confinement effect, as displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The terminal Si atoms were saturated by H atoms with a fixed bond length of 1.47 Å. For the 110T cluster, the high-level layer using the DFT method contains the ethanol molecule and an 8T cluster with the T4 site substituted by an Al atom (AlSi~7~O~8~H). In the literature, the high levels with 3T, 5T--8T, and even larger cluster models for zeolites have been studied,^[@ref23]^ and for ethanol dehydration in H-ZSM-5, it has been proved that the high level beyond the 5T model does not significantly affect the barrier energies.^[@ref16]^ On that basis and the unique channel structure of H-MOR, the 8T model was used as a high level to represent the active acid region. For the 60T model, the high-level DFT layer contains not only the ethanol molecule and the 8T cluster (AlSi~7~O~8~H), the atoms consisting of the 8-MR are also included (Si~8~O~12~), as these atoms are too close to the ethanol molecule. The ωB97XD functional and the 6-31G(d,p) basis set were adopted for the high level of the ONIOM models. It has been proved that the ωB97XD functional contains the long-range corrected functional, which can be accurate to describe the long-range weak dispersion interactions of the host--guest system compared with the traditional DFT functional.^[@ref24]−[@ref27]^ The other atoms were assigned to the lower layer and were treated by the AM1 method. Meanwhile, all of the atoms in the lower layer were frozen to keep the completeness of the zeolite framework with the intrinsic steric and electronic effects, and only the high DFT layer was optimized. For all optimized structures, vibrational frequency calculations were performed to verify reactants, TSs, and products. For the TSs, the presence of only one imaginary frequency is suitable, which should be consistent with the reaction directions of forward and reverse, and it also has been confirmed by the immediately following intrinsic reaction coordinate (IRC) calculations. All calculations were performed using the Gaussian 09 package.^[@ref28]^

![Structural diagram for the MOR framework with 12-MR and 8-MR channels (yellow for T atoms and red for O atoms).](ao9b03984_0007){#fig1}

![Representations of the 12-MR and 8-MR channels of H-MOR zeolite by 110T and 60T cluster models using ONIOM methods.](ao9b03984_0001){#fig2}

The noncovalent interaction index approach developed by Johnson et al.^[@ref29]^ was employed to visualize the noncovalent interactions of the adsorbed molecule and the zeolite framework. In this approach, the reduced density gradient (RDG), the electron density (ρ), and the second-largest eigenvalue (λ~2~) of ρ Hessian are the main indexes that can be used to distinguish the covalent and noncovalent interaction, as well as the H-bonding, weak van der Waals, and strong repulsive interaction. The Multiwfn software was used to obtain the values of RDG, ρ, and λ~2~.^[@ref30]^

Results and Discussion {#sec3}
======================

Brønsted Acid Strength of the 12-MR and 8-MR Channels {#sec3.1}
-----------------------------------------------------

Generally, the acid strength of zeolites can significantly affect the reaction reactivity, including the dehydration of ethanol. Therefore, the intrinsic acid strength for H-MOR zeolite in different channels was evaluated using the deprotonation energy (DPE), and the smaller DPE value signifies the stronger acidity of the Brønsted acid.^[@ref31]−[@ref33]^ The DPE values for the T4 in the 12-MR and T3 in the 8-MR channels as well as the structural parameters are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which are 299.9 and 306.4 kcal mol^--1^, respectively. Furthermore, the acid strength also can be inferred by the charge quantity of the acidic proton, with the stronger acidity corresponding to much more charge quantity of the acidic proton. As illustrated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the value of *q*~H~ for the 12-MR is larger than that for the 8-MR, which is conformed to the DPE value. Thus, the conclusion that the 12-MR has stronger Brønsted acid strength than the 8-MR of H-MOR zeolite can be reached, which agrees well with the reported literature.^[@ref34],[@ref35]^

###### DPE[a](#t1fn1){ref-type="table-fn"}, Charge, and Main Structural Parameters for the 12-MR and 8-MR Channels of H-MOR

                                    bond length (Å)   bond angle (deg)           
  ------- ------- ------- --------- ----------------- ------------------ ------- --------
  12-MR   299.9   0.352   --0.553   1.659             1.815              0.969   120.11
  8-MR    306.4   0.330   --0.92    1.677             1.840              0.969   124.95

DPE = *E*~zeolite~^--^ + *E*~H~^+^ -- *E*~H--zeolite~, *E*~H--zeolite~, *E*~zeolite~^--^, and *E*~H~^+^ represent the energy of zeolite with and without acidic proton, and an isolated proton, respectively.

Adsorption Properties of Ethanol Inside the 12-MR and 8-MR Channels {#sec3.2}
-------------------------------------------------------------------

The most stable configuration and the main geometry parameters of ethanol adsorption inside the 12-MR and 8-MR channels are displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In the 12-MR, the lengths of the O--H bond are 1.051, 1.431, and 1.677 Å, respectively, suggesting the strong hydrogen bond interaction between the ethanol and the H-MOR framework. The calculated adsorption energy in the 12-MR is −28.5 kcal mol^--1^, which is very close to the experimental ethanol adsorption heat over H-ZSM-5.^[@ref36],[@ref37]^ In the 8-MR, the distances of the acidic proton to the O atom of ethanol and the skeleton oxygen atom are 1.116 and 1.261 Å, respectively, which is similar to the situation in the 12-MR. However, the hydrogen atom of the hydroxyl group may have little interaction with the skeleton oxygen atom of the zeolite, due to the long distance of 2.239 Å between them. The steric-hindrance effect would lead to the hardly generation of a second hydrogen bond interaction. The diverse distance from the acidic proton to the O atom can be ascribed to the different Brønsted acid strength of the 8-MR and 12-MR channels. The stronger Brønsted acidity leads to the increasing distance between O10 and the acidic proton. Meanwhile, it clearly shows that one H atom of the methyl group is close to O5 of the 8-MR channel, with a distance of 2.398 Å. Another important difference is that the length of the C--C bond for the adsorbed ethanol in 8-MR shortens about 0.108 Å compared with that in 12-MR, and it can be predicted that the ethanol adsorbed in the 8-MR has a higher likelihood of further reactions. However, the calculated adsorption energy in the 8-MR is only −15.1 kcal mol^--1^, suggesting that the ethanol is preferred to be adsorbed in the 12-MR. It can be inferred that the confinement effect can significantly affect the adsorption properties.

![Structures of the adsorbed ethanol molecule in the 12-MR and 8-MR channels of the H-MOR.](ao9b03984_0002){#fig3}

Concerted Mechanism of Ethanol Dehydration in 12-MR and 8-MR Channels {#sec3.3}
---------------------------------------------------------------------

The TS structures of the ethanol dehydration following the concerted mechanism in the 12-MR and 8-MR channels are illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. For the TS in the 12-MR, the distance from the O atom of ethanol to the acidic proton is only 0.973 Å, which is very close to 0.957 Å, the measured length of the O--H bond for water in experiment.^[@ref38]^ However, the distance between the acidic proton and O10 is largely increasing to 1.847 Å. Meanwhile, the O--C bond of ethanol has cracked in the TS for the distance from the O atom to the α-C atom increasing to 2.377 Å. Moreover, one β-H of the methyl group is away from the β-C atom but approaches the O5 site of H-MOR with distances of 1.283 and 1.388 Å, respectively, which illustrates that the β-H atom would be transferred to the H-MOR zeolite and become an acidic proton. All of these changes of the bond length indicate the dehydration process of ethanol and the formation of ethylene. Finally, the acid proton at the O5 site would migrate back to the O10 site to regenerate the Brønsted acid. The activation energy barrier of ethanol dehydration to ethylene in the 12-MR through the concerted mechanism is 42.4 kcal mol^--1^.

![Structures of TSs and relative Gibbs free energy profiles at 298 K for the concerted mechanism in the 12-MR and 8-MR channels of the H-MOR zeolite.](ao9b03984_0008){#fig4}

The TS in the 8-MR has similar changes in bond length to that in the 12-MR. The acidic proton gets away from the O10 (1.754 Å) and becomes closer to the O atom of ethanol (0.978 Å) to form an O--H bond. The β-H atom gets closer to the O2 (1.384 Å) but far away from the β-C of the methyl group (1.296 Å). During the reaction process, it also accompanies the migration of the acidic proton and the β-H atom. The activation energy barrier in the 8-MR for this reaction is 43.4 kcal mol^--1^. It can be inferred from the TS structures that the concerted mechanism would like to go through eight-atom-involved center structures both in the 8-MR and the 12-MR. The dehydration process occurs accompanied by the migration of β-H, leading finally to the formation of ethylene. As illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the reaction is slightly preferred to proceed in the 12-MR from the kinetics point of view. The different catalytic performance of the 12-MR and 8-MR channels would be associated with their Brønsted acid strengths. The stronger acid strength promotes the concerted mechanism to proceed more easily. But in thermodynamics, it would be preferred to proceed in the 8-MR with the reaction energy declining by 8.8 kcal mol^--1^ compared with that in the 12-MR channel. The structures of the product have been illustrated in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03984/suppl_file/ao9b03984_si_001.pdf), indicating that the eliminated water has more interaction with the zeolite channel, which would benefit the reaction. Furthermore, it is also necessary to point out that the initial state of the reaction is the adsorbed ethanol in the H-MOR for both concerted and stepwise mechanisms, and the final state is the adsorbed water and ethylene in H-MOR. However, the adsorption configurations of the water and ethylene molecules with the H-MOR framework have a significant difference due to the different dehydration mechanisms, which leads to the different relative energies of the final states as illustrated in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [6](#fig6){ref-type="fig"}.

![Structures of TSs and intermediates for the stepwise mechanism in the 12-MR and 8-MR channels of the H-MOR zeolite.](ao9b03984_0009){#fig5}

Stepwise Mechanism of Ethanol Dehydration in 12-MR and 8-MR Channels {#sec3.4}
--------------------------------------------------------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} displays all of the optimized structures and main geometry parameters for TS1, ethoxy intermediates, and TS2 involved in the stepwise mechanism. The first step is the formation of the ethoxy intermediate. For the TS1 in the 12-MR, the distance from α-C to the O atom enlarges to 2.164 Å, suggesting the cracking of the C--O bond of the adsorbed ethanol. The acidic proton is away from O10 with a distance of 2.220 Å simultaneously. Furthermore, the distances between α-C with O2 and O10 are 2.143 and 2.770 Å, respectively. All of these changes in the bond length indicate that the dehydration reaction occurs and leads to the formation of TS1 containing an ethyl carbocation. The zeolite framework would be of great help in stabilizing the carbocation. The energy barrier of this step is 35.0 kcal mol^--1^. Thus, it can be inferred that the formation of the ethoxy intermediate in the 12-MR would be much preferred to occur. It has been proved in experiment that the alkoxide species spread widely within the zeolite framework and has been proved to be more stable than the adsorbed complex.^[@ref35]^ The ethoxy intermediate has the O2 and α-C atoms bonded with a bond length of 1.511 Å. Meanwhile, one H atom of water has a distance of 2.028 Å with O10. Thus, an eight-atom-involved center structure is also found in TS2, which is similar to the concerted mechanism. The distance between the H atom of water and the O10 atom has been shortened to 1.898 Å, together with one H atom of the methyl group getting closer to the O atom of water with a distance of 1.516 Å. It can be inferred that the eliminated water in the first step would like to participate in the next reaction and play a key role in the transport of hydrogen atoms. The C--O2 bond breaks with the distance enlarging to 2.333 Å; meanwhile, the C--C bond shortens to 1.394 Å, suggesting the formation of an ethylene molecule.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} also illustrates the main structural parameters of TS1 in the 8-MR. The acidic proton is away from O10 with a distance of 2.112 Å but close to the O atom of ethanol with a distance of only 0.966 Å, which suggests that the acidic proton has been bonded with the O atom of ethanol to generate a water molecule. Meanwhile, it is notable that the distances from the O atom of ethanol to O10 and α-C are 2.510 and 2.635 Å, respectively, and the distances between O10 and α-C is 2.345 Å. These bond lengths indicate that there is a triangular ring structure constituted by the O atom of ethanol, O10, and α-C in TS1. It can be inferred from the changes in the bond length that in the first step of the stepwise mechanism, the breakage of the C--O bond of ethanol occurs accompanied by the elimination of water and the formation of an ethoxy intermediate. In the following reaction, the C--O10 bond breaks and the α-C is away from O10 with a distance of 3.192 Å. Meanwhile, the H atom of the methyl group would bond with O10 (1.394 Å). Furthermore, the O atom of water has a distance of 2.161 Å with α-C and 2.858 Å with a β-C atom, indicating that the water molecule would help to balance charge and stabilize the TS structure, which has also been proved in the literature.^[@ref39]−[@ref41]^ The decrease in the C--C bond length to 1.382 Å suggests the formation of an ethylene molecule.

The relative energy profiles for reactants, TSs, intermediates, and products of the stepwise mechanism are displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In the 12-MR, the activation energy barriers of the stepwise mechanism are 35.0 and 28.5 kcal mol^--1^, respectively. While in the 8-MR, the barriers are 53.7 and 45.4 kcal mol^--1^, respectively. Clearly, both in the 12-MR and 8-MR channels, the rate-determining step is the formation of an ethoxy intermediate, which is in line with the experimental result in the literature.^[@ref42],[@ref43]^ In consideration of the experimental intrinsic activation energy with a value of 30.6 ± 2.4 kcal mol^--1^ in the 8-MR and 26.1 ± 7.9 kcal mol^--1^ in the 12-MR,^[@ref42]^ 38.5 ± 1.4 kcal mol^--1^ in the 12-MR^[@ref18]^ for H-MOR, and the theoretical results ranging from 25.3 to 54.9 kcal mol^--1^ for ZSM-5,^[@ref16],[@ref43]−[@ref45]^ the energy profiles illustrated in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [6](#fig6){ref-type="fig"} can be regarded as reasonable, and most importantly, the tendencies are similar. Obviously, in the 12-MR, the ethanol molecule would prefer to react with zeolite to form an ethoxy intermediate at first, rather than directly decomposing into ethylene through the concerted mechanism. But considering the difference between them is only 7.4 kcal mol^--1^, it can be inferred that both mechanisms are existing. On the contrary, the ethanol molecule would like to directly decompose into ethylene rather than the formation of an ethoxy intermediate in the 8-MR channel. The isosurfaces of RDG in real space have been proved to successfully characterize the host--guest interactions in zeolite systems.^[@ref46],[@ref47]^[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} displays the isosurface plots of RDG for TSs of ethanol dehydration through the stepwise mechanism in the 12-MR and 8-MR of the H-MOR zeolite. Compared with the 12-MR, the TSs of the 8-MR show a much larger repulsive region, suggesting that the reaction system suffers much more repulsive interaction with the 8-MR channel. The pore-confinement effect of the H-MOR framework has a decisive impact on the reactivity, rather than the Brønsted acid strength.

![Relative Gibbs free energy profiles at 298 K of the stepwise mechanism in the 12-MR and 8-MR channels of the H-MOR zeolite.](ao9b03984_0003){#fig6}

![Isosurface plots of RDG for the TSs of the stepwise mechanism in the 12-MR and 8-MR channels of the H-MOR zeolite.](ao9b03984_0004){#fig7}

Thus, it can be indicated that the dehydration reaction of monomolecular ethanol to ethylene is more likely to proceed through a stepwise mechanism in the 12-MR channel of the H-MOR zeolite.

Conclusions {#sec4}
===========

Based on the DFT calculations, the monomolecular dehydration reaction mechanisms of ethanol to ethylene inside the 12-MR and 8-MR channels of H-MOR zeolite have been clarified. The pore-confinement effect has a decisive impact on the reactivity of the stepwise mechanism, while the Brønsted acid strength has little influence on both mechanisms. In the 12-MR, ethylene is preferably formed through the stepwise mechanism, but the concerted mechanism is also competitive. While in the 8-MR, the concerted mechanism is the favorable way to form ethylene. For both the concerted and stepwise mechanisms, the O atom of the ethanol molecule bonding to the acid proton leads to the elimination of water and the formation of ethylene or an ethoxy intermediate. The ethoxy intermediate can then decompose into ethylene. Furthermore, it is worth noting that the water molecule plays a crucial role in stabilizing TSs for both mechanisms. The water molecule also helps to transfer H atoms to regenerate the Brønsted acid proton in the stepwise mechanism.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03984](https://pubs.acs.org/doi/10.1021/acsomega.9b03984?goto=supporting-info).Optimized geometries of all of the TSs and intermediates involved in the concerted mechanism and the stepwise mechanism in the 8-MR and the 12-MR of H-MOR ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03984/suppl_file/ao9b03984_si_001.pdf))
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